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Abstract—Established vascular network has a crucial impor-
tance in bone regeneration. Adipose-derived stem cells
(ADSCs) can be differentiated in vitro towards endothelial
cells (ECs) that give a possibility for their application in bone
tissue engineering (BTE). The aim of our study was to
examine the influence of ADSCs in vitro induced into ECs on
vascularization and osteogenic process in subcutaneous
implants. Induced ADSCs were implanted subcutaneously
into BALB/c mice, in combination with the bone mineral
matrix carrier (BC) and platelet-rich plasma (PRP), parallel
with the implants without the cells. The combination of BC,
PRP and ADSCs induced into ECs increased vascularization
in subcutaneous implants that was shown through endothe-
lial-related gene expression, high percentage of vasculariza-
tion and VEGFR-2 immunoexpression. Osteocalcin
immunoexpression, relative expression of osteopontin gene,
and histological analysis showed that osteogenic process was
more pronounced when the carrier was loaded with ADSCs
induced into ECs which was associated with strong vascu-
larization in cellularized implants. In implants without the
cells vasculogenesis was initially stimulated, but vascular
network was unsustainable at later observation points.
Therefore, the approach that includes ADSCs in vitro
induced into ECs combined with BC and PRP can be a
good strategy for improving vascularization in bone regen-
eration and BTE.
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rich plasma, Bone mineral matrix, Bone tissue engineering.
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ABBREVIATIONS
BTE Bone tissue engineering
ADSCs  Adipose-derived stem cells
ECs Endothelial cells
BC Bone mineral matrix carrier
PRP Platelet-rich plasma
SVF Stromal vascular fraction
DMEM  Dulbecco’s Modified Eagles Minimal
Essential Medium
P03 Third passage
ECP The implants consisted of ADSCs in vitro
induced into ECs, BC and PRP
CP The implants consisted of BC and PRP
oC Osteocalcin
INTRODUCTION

Bone tissue is highly vascularized tissue, made up
from bone matrix, functionally and spatially inter-
connected bone cells and blood vessels.>* Vascular
network removes metabolites from bone tissue, thus
providing constant oxygen and essential nutrients
supply.®® Therefore, establishing of vascular network is
crucial for successful bone tissue regeneration.>*

Vascular network formation occurs through the
processes of vasculogenesis and angiogenesis. Vascu-
logenesis is the process of forming new blood vessels
from mesodermal precursors in the embryo, while
angiogenesis represents the formation of new blood
vessels from the existing differentiated endothelial cells,
which proliferate and migrate.**°® Considering the fact
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that vascular network needs to be established before
the formation of bone tissue, vasculogenesis and
angiogenesis have obtained great attention in the field
of bone tissue engineering (BTE).

Diffusion of oxygen limited to around 150 ym from
capillary in the active tissue is the main problem in
large tissue-engineered constructs.>* When vascu-
larization is delayed after the tissue damage, one of the
consequences is the development of necrotic cores.*!

To date, the problem of inadequate vascularization
in BTE was accessed through various approaches
including the modification of architecture and inter-
connection of pores of the biomaterial carrier,'® addi-
tion of one,*®' or multiple pro-angiogenic growth
factors into the implants which can stimulate the for-
mation of blood-vessels at different stages of vascular
network formation.**>® Co-culturing systems,*>®
mechanical stimulation,®®* pre-vascularization of tis-
sues or implants with intact microvessels or cultured
vascular cells,” implantation into the highly vascu-
larized areas or pre-seeding the implants with cells
which secret chemoattractants for recruiting host cells
and microvessels®™ were also applied in order to im-
prove vascularization in BTE.

The novel strategies in BTE involve interactions
between the scaffolds, cells and biological signaling mo-
lecules. Those interactions can be accomplished by
mimicking the native tissues which are composed of so-
called “‘biological triad”—the cells, signaling mecha-
nisms between them and extracellular matrix (ECM).*
To provide a background in which the ‘““biological triad”
principle can be accomplished, we bioengineered the
implants by combining adipose-derived stem cells
(ADSCs), bone mineral matrix carrier (BC), and platelet-
rich plasma (PRP). ADSCs induced into ECs were used
as a vasculogenic component, while PRP and BC were
applied in order to ensure osteogenic milleu in implants.

White adipose tissue is an attractive source of mes-
enchymal cells, due to relatively easy isolation proce-
dure,®?” its accessibility and great yield of cells with the
potential of differentiating into various cell lines.'>*
ADSCs were our choice because of their potential to
differentiate into endothelial cells (ECs), and form vas-
cular-like network in vitro.** ADSCs can be implanted,
orthotopic or ectopic, loaded on a bone substitute bio-
material which can serve as a cell carrier. Commercial
bovine bone mineral matrix Bio-Oss® (Geistlich-Phar-
ma, Wolhusen, Switzerland) is highly biocompatible and
osteoconductive thus fulfilling the requirements for the
role of ADSCs carrier.* Generally, hydroxyapatite
(HAp)-based biomaterials are excellent carriers of
osteoinductive growth factors.® Platelet-rich plasma
(PRP) can serve as an initial source of growth factors'
because the events at the cellular level, that occurs after
the tissue damage, are notably controlled by growth
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factors released from the platelets.”” Another benefit of
applying PRP combined with BC and cells is the ability
of PRP to form fibrin mesh which acts as a tissue glue,
thus preventing displacement of the biomaterial after
implantation®® and enabling cell adhesion, migration
and proliferation after the activation of PRP.**

The aim of our study was to examine the effect of
ADSCs isolated from mice epididymal adipose tissue
and in vitro induced into ECs on vascularization and
osteogenic process in mice subcutancous implants.
According to our knowledge, our study is the first one
where ADSCs, in vitro induced into ECs, were applied
onto biomaterial carrier (BC) formed of bone mineral
matrix, combined with platelet-rich plasma (PRP), and
implanted into an ectopic site. We have hypothesized
that implants constructed in this manner will elicit vas-
culogenesis which is precondition for osteogenic process.

MATERIALS AND METHODS

Isolation and Endothelial Differentiation of ADSCs

ADSCs were obtained from epididymal mice adipose
tissue in accordance with previously described methods
with minor modifications.'®” Isolated tissue was di-
gested using Collagenase type 1 (Sigma-Aldrich, Ger-
many) dissolved in standard cell culture media DMEM
(Dulbecco’s Modified Eagles Minimal Essential Med-
ium, PAA Laboratories GmbH, Austria) at the con-
centration of 2000 I.U. per 1 mL. Digestion was
performed in a water bath for 45 min, at 37 °C, with
agitation. To remove the tissue debris, digested tissue
was filtered through a 180 um mesh. The tubes with
digested tissue were centrifuged at 4 °C for 10 min, at
1500 rpm. White, “lipid” ring from the top of the tubes
and supernatant were removed, and pellet containing
stromal vascular fraction (SVF) was resuspended. Vi-
able cells were counted using Trypan blue dye exclusion
method, seeded at density of 1 x 10° per 25 cm? growth
area, and cultivated in DMEM supplemented with 10%
foetal calf serum (FCS, PAA Laboratories GmbH,
Austria), 1% antibiotic-antimycotic solution (PAA
Laboratories GmbH, Austria), and 2 mM L-glutamine
(PAA Laboratories GmbH, Austria). The changes in
cell morphology were monitored on inverted light
microscope (Observer Z1, Carl Zeiss, Germany), under
phase-contrast. The images were acquired using the
camera AxioCam HR (Carl Zeiss, Germany) and the
software Zeiss Axiovision (Carl Zeiss, Germany).

Endothelial Differentiation

After the third passage (P03), the cells were counted
by using Trypan blue dye exclusion method and seeded
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into 24-well cell culture plates at density 0.5 x 10%/
well. Two types of cell cultures were cultivated in the
plates-ADSCs differentiated towards ECs by using
EndoPrime Kit (PAA Laboratories GmbH, Austria)
for endothelial differentiation, and ADSCs cultivated
in DMEM without the addition of endothelial factors.
The kit consists of cell culture media with L-glutamine
and the mixture of Vascular endothelial growth factor
(VEGF), Epidermal growth factor (EGF), Insulin-like
growth factor (IGF), Fibroblast growth factor (FGF),
hydrocortisone, heparin and ascorbic acid. The media
was also supplemented with 5% FCS and 1% antibi-
otic—antimycotic solution.

Immunocytochemistry

Stem cell phenotype was assessed 1 day after P03,
using positive (anti-CD29, 1:400, ab52971, Abcam,
USA), and negative (anti-CD14, 1:1000, ab106285,
Abcam, USA) stem cell markers. Antibody to vascular
endothelial growth factor receptor 2 (anti-VEGFR-2,
1:100, ab2349, Abcam, USA) was used at twelfth day
of endothelial differentiation to confirm the endothelial
phenotype of differentiated cells. Before staining, the
cells were fixed with 10% neutral buffered formalin for
20 min and washed with Dulbecco’s Phosphate Buf-
fered Saline (DPBS, PAA Laboratories GmbH, Aus-
tria).

Rabbit specific HRP/DAB detection kit (ab64261,
Abcam, USA), was used for visualization according to
the manufacturer’s instruction. HRP/DAB detection
kit included following components: Hydrogen Perox-
ide Block, Protein Block, Biotinylated goat anti-rabbit
IgG, Streptavidin Peroxidase, DAB substrate and
DAB chromogen. The cells were treated with Hydro-
gen Peroxide Block for 10 min, at room temperature
(RT), and subsequently with Protein Block (5 min,
RT) to avoid nonspecific background staining. After
that, the cells were incubated with primary antibodies
overnight, at 4 °C. Further, the cells were incubated
with Biotinylated goat anti-rabbit IgG, and after that
with Streptavidin Peroxidase and DAB chromogen
mixed with DAB substrate. All incubations were per-
formed for 10 min at RT. The cells were counter-
stained with Mayer’s Hematoxylin for 1 min, rinsed,
dehydrated, and covered with permanent mounting
medium (VectaMount®, Vector laboratories, Burlin-
game, CA). Negative controls were cells treated by the
same protocol but primary antibodies were excluded.

Experimental Animals

Adult, male, syngeneic BALB/c mice (Military
Medical Academy, Belgrade, Serbia) were used. Each
mouse was 22 £+ 2 g weight, 8 weeks old, and kept in

standard laboratory conditions. All the experiments on
mice in this study were approved by the Local Ethical
Committee (approval number 01-2857-8) and con-
ducted in accordance with the Animal Welfare Act
(Republic of Serbia).

Implantations

Bio-Oss®, size S, with granules 0.25-1 mm in size,
PRP obtained from the blood of mice orbital sinus*
and ADSCs at twelfth day of in vitro induced
endothelial differentiation were used for the construc-
tion of implants.

Blood from mice orbital sinus was collected into the
tubes which contained 4% sodium citrate as an anti-
coagulant, centrifugated, and the supernatant con-
taining plasma with platelets was further processed.
After the second centrifugation of supernatant from
previous step, pellet with platelets was resuspended in
small volume of supernatant plasma to get PRP. After
counting in Malassez counting chamber (Paul
Marienfeld GmbH & Co. KG, Lauda-Konigshofen,
Germany), the established number of platelets was
1.89 + 0.5 x 10°/mL. PRP was applied at concentra-
tion of 10% (v/v) in liquid component of the implant
which was shown to be the optimal concentration for
combining with ADSCs.?>-*

The implants were prepared in sterile, flat glass
plate. All implants were composed from 10 mg
(~0.02 cm?) of BC and 20 uL of liquid component.
Two types of implants were made 1) CP type of im-
plants constructed from 10 mg of BC, 18 uL of
DMEM and 2 uL of PRP (finally 10% v/v), and 2)
ECP type of implants constructed from 1 x 10*
ADSCs differentiated into ECs in 18 ul. of DMEM
and 2 uL of PRP (finally 10% v/v) as a liquid com-
ponent, and 10 mg of BC. The cells were allowed to
attach to the BC surface for 10-15 min before the
implantations.”® Each single implant was shaped in
lump after clotting.”!

Implantations were performed into the interscapu-
lar subcutaneous tissue of anesthetized mice. Large,
sterile biopsy needle was used for the implantations.
We had two experimental groups (ECP and CP) and
four observation points (one, two, four and 8 weeks).
Each group consisted of four animals per experimental
period and totally sixteen implants per implantation
period in one group.

Histology and Histomorphometry

Two and 8 weeks after implantation, the explants
were fixed in 10% neutral buffered formalin, decalci-
fied in 10% ethylenediaminetetraacetic acid (EDTA)
solution (pH 7.4), dehydrated in ascending concen-
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trations of ethanol, embedded in paraffin and sliced.
The paraffin was removed with xylene, the sections
were rehydrated in descending concentrations of
ethanol. After that, Haematoxylin and Eosin (H&E)
and Masson’s Trichrome stainings were performed on
4 um tissue sections from four different animals per
group. Stained sections were analyzed by using light
microscope LEICA DMR (Solms, Germany) and
imaged by using LEICA DC 300 camera.

Histomorphometrical measurements were per-
formed on total scans of H&E stained sections in the
NIS-Elements software version 3.2 (Nikon, Tokyo,
Japan). Total area of explants and total vessel area
were measured by using “Annotations and Measure-
ments” tool in the software. Percent of vascularization
was calculated as: (total vessel area/total area of ex-
plants) * 100.

Immunohistochemistry

Prior to immunohistochemical analysis, the explants
extracted after 2 and 8 weeks of implantation were
processed as it was described for histological analysis.
Primary antibodies anti-VEGFR-2 (1:200, ab 2349,
Abcam, USA) and anti-osteocalcin (1:200, ab93876,
Abcam, USA) were applied on 4 um thick tissue sec-
tions. Before applying primary antibodies (4 °C,
overnight), antigen-retrieval process was performed
using 10 mM sodium citrate buffer (pH 6.0), in the
microwave oven pre-warmed at 96 °C. For visualiza-
tion, HRP/DAB detection kit was used according to
the manufacturer’s instruction (described in the section
“Immunocytochemistry’). The tissue sections were
counterstained with Mayer’s Hematoxylin for 5 min,
at RT, and mounted.

Quantitative Real-Time PCR

Whole RNA from the cells and implants was iso-
lated using RNeasy Mini Kit® (Qiagen, Germany).
Dnase I Rnase-free set (Qiagen, Germany) was applied
for on-column digestion of residual DNA. RNA con-
centration in the samples was determined using Qubit®
2.0 fluorometer and Qubit® RNA assay kit (Invitro-
gen, Life technologies, USA).

Reverse transcription was performed with High-
capacity cDNA Reverse Transcription Kit (Applied
byosistems, Life Technologies, USA), in three steps
(10 min at 25 °C; 120 min at 37 °C, and 5 min at
85°C) in SureCycler 8800 (Agilent Technologies,
USA).

Relative gene expression was assessed in Real-Time
thermal cycler Stratagene MxPro-Mx3005P (Agilent
Technologies, USA). Reactions were prepared using
Kapa Sybr® Fast Universal 2x qPCR Master Mix
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(Kapa Biosystems, USA) and quantitect primer assays
(Qiagen, Germany) for von Willebrand factor (vWF),
vascular endothelial growth factor receptor 1 (fit-1),
transcription factor early growth response-1 (egr-1),
vascular cell adhesion molecule 1 (vcam-1) and osteo-
pontin (sppl). A housekeeping gene for f-actin (actb)
was used as a gene normalizator (Table 1). The results
were expressed relative to the endothelial-related gene
expression in the calibrator sample (untreated ADSCs,
cultivated in DMEM until the third passage combined
with PRP). Referent values of endothelial-related gene
expression in the calibrator sample were denominated
as “07.

Statistical Analysis

All statistical analyses were performed in the SPSS
version 15.0 (SPSS Inc., Chicago, Illinois, USA). The
mean values of relative gene expression levels and
vascularization =+ standard deviation were calculated,
and Kruskal-Wallis non-parametric ANOVA test for
the determination of statistical significance was
applied. Statistically significant differences between
tested groups at the same observation points were
determined using post hoc Mann-Withney test. The
differences were considered statistically significant for
p < 0.05.

RESULTS

In Vitro Analysis

Twenty-four hours after the isolation, various cell
types were seen (Fig. 1a). The cells from passage 0 (P0)
to passage 3 (P3) became large, spindle-shaped and
fibroblast-like (Fig. 1b), that is typical for mesenchy-
mal cells. Numerous adherent, fibroblast-like, ran-
domly oriented, and loosely adherent, round,
epithelial-like cells at places were observed 7 days after
P03 in standard cell culture media (Fig. 1c). Non-in-
duced ADSCs formed populations of fibroblast-like
cells 12 days after PO3 (Fig. 1d). Monolayers of cells
with cobblestone appearance were seen 7 days after
inducing ADSCs into endothelial cells (Fig. le). On
the twelfth day of endothelial differentiation, induced
ADSC were connected via anastomoses built from cell
membrane protrusions. They had the appearance of
prevascular, capillary-like network (Fig. 1f).

At P03, ADSCs were CD29 " (Fig. 2a) and CD14~
(Fig. 2b). Twelve days after P03, non-induced ADSCs
were fibroblast-like, and negative for VEGFR-2
(Fig. 2c¢). ADSCs induced towards endothelial cells
were VEGFR-2 positive at the twelfth day of
endothelial differentiation (Figs. 2d, 2e¢).
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TABLE 1. List of primers used for qPCR.

Gene name QuantiTect Primer assay Detected transcript ID and length Entrez gene ID
ACTB Mm_Actb_2_SG, QT01136772 NM_007393 (1889 bp) 11,461
VWF Mm_Vwf_1_SG, QT00116795 NM_011708 (8834 bp) 22,371
FLT-1 Mm_FIt1_1_SG, QT00096292 NM_010228 (6280 bp) 14,254
EGR-1 Mm_Egr1_1_SG, QT00265846 NM_007913 (3072 bp) 13,653
VCAM-1 Mm_Vcami1_1_SG, QT00128793 NM_011693 (3398 bp) 22,329
SPP1 Mm_Spp1_1_SG, QT00157724 NM_009263 (1428 bp) 20,750

Relative expression levels of endothelial-related
genes in induced cells were checked at the third, sev-
enth, twelfth, and fifteenth day of endothelial differ-
entiation. The vIWF and fit-1 genes were the highest at
the seventh day (Figs. 3a, 3b), while egr-1 and vcam-1
had the expression peak at the twelfth day of induced
differentiation (Figs. 3c, 3d). Statistically significant
increase in vWF expression during the endothelial
differentiation was at 7-day in compare to a 3-day
observation point, while vIWF significantly decreased at
12-day in compare to a 7-day observation point
(Fig. 3a). Increase in fit-1 gene expression was statis-
tically significant at 7-day comparing to a 3-day
observation point (Fig. 3b). The egr-1 gene statistically
increased at 7-day comparing to a 3-day observation
point and statistically decreased at 15-day in compare
to a 12-day observation point (Fig. 3c), while vcam-1
statistically decreased at 15-day-comparing to a 12-day
observation point (Fig. 3d).

Histological and Histomorphometrical Analysis

At 2-week observation point, ECP implants had
mild vascularization and a few multinucleated, osteo-
clast-like cells located around the particles of bioma-
terial (Fig. 4a). Connective tissue was mostly loose
with weave-like collagen bundles (Fig. 5a), rich in
fibroblast-like and polymorphonuclear cells (Fig. 4a)
and in the places next to the BC particles collagen fi-
bers were thick and well organized (Fig. 5a).

Mostly loose and regular connective tissue in places
(Fig. 5d), weak cellularity and poor vascularization
were seen in CP implants at 2-week observation point
(Fig. 44d).

At 8-week observation point, ECP implants had
large multinuclear cells and mild cellularization
(Figs. 4b, 4c). Connective tissue was regular, with
highly organized collagen fibers (Figs. 4b, 5b and Sc).
Histologically, vascularization was greater than at
previous observation point in the same type of im-
plants and blood vessels were in the arrangement
similar to branched and mature vascular network
(Fig. 4c). Cuboidal-shaped, osteoblast-like cells were
observed onto BC particles (Figs. 4b).

In CP group, at 8-week observation point, multin-
uclear cells adhered to the BC surface, while cellularity
and vascularization were poorer than in EPC implants
at the same observation point (Fig. 4e, 4f). Collagen
fibers adjacent to the BC particles were thick but not
well organized as in ECP implants at the same obser-
vation point. In the space more distant from the
granules, the collagen fibers were weave-like (Fig. Se,
51).

The percentage of vascularization was higher in
ECP than in CP group at 2-week observation point,
but not statistically significant. A significantly higher
percentage of vascularization was calculated for ECP
compared with a CP group, at 8-week observation
point (Fig. 6).

Immunohistochemical Analysis

In ECP implants, precursor-like cells were VEGFR-
27" at both observation points (Figs. 7a, 7b). VEGFR-
2 immunoexpression was weaker in CP group than in
ECP group (Figs. 7e, 7f).

Osteocalcin (OC) immunoexpression was found in
the space between biomaterial particles in ECP group,
at both observation points (Figs. 7c, 7d), while in CP
implants, OC immunoexpression was poor (Figs. 7g,
7h).

qPCR Analysis of Implants

At each observation point, vWF was significantly
higher in CP than in the ECP group (Fig. 8a). In ECP
group, the level of flr-1 increased between 1- and
2-week observation point, and then slightly decreased
at 8-week observation point (Fig. 8b). The flr-1 was
statistically higher in ECP than in the CP group at one-
, two-, and 8-week observation point (Fig. 8b). In the
CP implants, flt-1 increased between one- and 4-week
observation point, and decreased afterwards (Fig. 8b).
In first two observation points (1- and 2-week), egr-1
was down-regulated in both groups (Fig. 8c). In ECP
implants, egr-1 increased from the first to the last
observation point which had statistical significance at
8-week observation point (Fig. 8c). The egr-1 gene was
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significantly higher in CP than in ECP group at 4-week
observation point (Fig. 8¢). In both groups, vcam-1
was down-regulated at first two observation points,
and up-regulated at 4-week observation point
(Fig. 8d). At 8-week observation point, vcam-1 was up-
regulated in ECP implants, down-regulated in CP im-
plants with statistical significance (Fig. 8d). Spp! was
up-regulated in ECP and down-regulated in CP im-
plants at each observation point, with statistical sig-
nificance (Fig. 8¢). In ECP implants, sppl was the
highest at 2-week observation point, and later on
slightly decreased (Fig. 8e).

DISCUSSION

Appropriate vascularization is essential for bone
regeneration and in bone tissue bioengineering. To
overcome inadequate development of blood vessels
and consecutive failure of bone tissue regeneration, we
examined the effect of ADSCs in vitro induced into
ECs and combined with BC and PRP on vasculariza-
tion and osteogenic process in subcutaneous implants.
Ectopic osteogenesis model was chosen because it al-
lows evaluation of in vivo angiogenic and osteogenic
process, without the influence of factors from the
bone.”® Subcutaneous, interscapular implantations
permit the evaluation of various features of the im-
planted biomaterial generally.** ECs can form vascular
structures in vitro and anastomose with host vessels
upon implantation.®® Since low availability and pro-
liferation capability limit the application of mature
ECs?’ enriching the implants with mesenchymal stem
cells (MSCs) induced into ECs can be a good alter-
native. Bone marrow-derived stem cells (BMSCs) were
frequently used in BTE with promising results,”*’ but
low morbidity during tissue harvesting procedure®
makes adipose tissue more optimal source of stem cells
in compare to a bone marrow. Also, adipose tissue has
much higher frequency of clonogenic mesenchymal
progenitors than the bone marrow.”®

For endothelial differentiation, CD29"/CD14~
ADSCs at P03 were used in our experiment. It was
reported that the expression of CD29 increases in
passaged cells compared to the cells from freshly iso-
lated stromal vascular fraction (SVF).”® Also, ADSCs
are considered to be CD147,7 and our ADSCs at P03
didn’t express CD14. Likewise, we confirmed that the
cells subjected to endothelial differentiation originated
from adipose tissue, and not from circulating
endothelial progenitors,"* which has a mono-
cyte/macrophage origin, and do express CDI14.4¢
CD29"/CD14~ ADSCs were induced into ECs, and
expression dynamic of endothelial-related genes was
assessed for 15 days.
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Endothelial-related genes expression was the highest
after seven or 12 days of differentiation. ADSCs star-
ted to express all examined genes except vIWF from the
third day of in vitro induced endothelial differentiation.
The seventh day was shown to be crucial for vIWWF
expression during in vitro endothelial differentiation.
Konno and co-workers demonstrated that at seventh
day of inducing ADSCs into ECs, ADSCs began to
express vIWF, which reached its highest level at tenth
day of differentiation.”” We have shown that vIWF is
up-regulated at seven-day observation point, and
down-regulated at later observation points of in vitro
differentiation. These differences could be explained by
variations in conditions specific for each experiment.

Endothelial-cell phenotype was also confirmed by
immunoexpression of VEGFR-2 at twelfth day of
differentiation. ECs arise from the same precursors as
the cells from hematopoietic lineage. The “switch’ that
controls differentiation of precursors to one of those
linecages is VEGF, a mitogen typical for vascular ECs,
which has two specific tyrosine kinase recep-
tors—VEGFR-1/flt-1, and VEGFR-2/flk-1.°° Our
in vitro results regarding the expression of endothelial-
related genes and VEGFR-2 immunoexpression were
the selection criteria for choosing ADSCs at twelfth
day of endothelial differentiation for implantations.

The impact of differentiated ADSCs on vascular-
ization and osteogenic process was evaluated by com-
paring the groups with and without the cells. PRP was
used in the control group because it contains highly
concentrated platelets, which are critical in the wound
healing process,*” and our idea was to simulate natural
bone repair. Inflammatory phase should be finished by
week two during bone healing process, and bone repair
is expected to be completed by 8 week, so we choose
thossle two observation points for histological analy-
sis.

The hallmark features of a stable vascular network
are morphological and functional heterogeneity of
blood vessels.? In ECP implants, at 2-week observation
point, these vessels had form and size conformed to the
capillaries, arterioles and venules, while at 8-week
observation point, vascularization was greater than at
2-week observation point, with dominant artery-like
and vein-like blood vessels. Although CP implants
were well-vascularized at 2-week observation point,
vascular network wasn’t developed at 8-week obser-
vation point. After the activation by an agonist such as
calcium-chloride,”’ PRP releases various growth fac-
tors including VEGF, FGF, platelet-derived growth
factor (PDGF), transforming growth factors (TGF-f;
and TGF-f,), interleukin-1 and platelet activating
factor-4 which are considered to have an influence on
increased vascularization and bone regeneration
process.! However, the lifespan of these growth factors
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FIGURE 1. In vitro analysis of ADSCs endothelial differentiation. (a) ADSCs 24 h after isolation; (b) ADSCs 1 day after P03 in
DMEM; (c) ADSCs, DMEM, 7 days after P03; (d) ADSCs, DMEM, 12 days after P03 (e) ADSCs 7 days after induced endothelial
differentiation; (f) ADSCs 12 days after induced endothelial differentiation. Magnification is 100x. Bar shows 100 um. Legend:
mesenchymal-like stem cells (triangle); fibroblast-like cells (circle), epithelial-like cells (rectangle), ‘“cobblestone’ cells (parallel-

ogram), capillary-like structures (rounded rectangle).

is short, limited to only 7-10 days,'**® which could be
one of the explanations for unsustainability of the
vascular network in CP implants. The results of our
histomorphometric analysis showed that percentage of
vascularization between groups, at both observation
points was higher in ECP than in CP group, which was
statistically significant at 8-week observation point.
These results confirmed our histological observations
which could be associated with the presence of ECs in
ECP type of implants. So far, the beneficial effect of
PRP mixed with ADSCs on vascularization was
proved by combining PRP with either fresh** or ex-
panded, non-differentiated ADSCs.*> ADSCs induced
in vitro towards ECs were used for implantations but
only at orthotopic site” and with arteriovenous vas-
cular bundle (AV-bundle).®® Therefore, neither factors
from the surrounding bone nor implanted blood ves-
sels cannot be excluded. In an orthotopic critical-sized
calvarial defect, rat ADSCs in vitro differentiated for
8 days into ECs and implanted, induced high
microvessel density 8 weeks after the treatment, which
was reflected on osteogenic process as a greater bone
volume.” Rat ADSCs pre-differentiated into endothe-
lial cells, incorporated in HAp-based scaffolds in vitro
and implanted with AV-bundle caused significantly
higher vessel density and vessel diameter than in the

group with undifferentiated cells, HAp-based scaffold
with AV-bundle and HAp-based scaffold only group.®

In our experiment, VEGFR-2 immunoexpression
was seen in ECP implants at 2-week observation point,
and slightly decreased at 8-week observation point,
which is in accordance with the fact that VEGFR-2 is
an early marker of angiogenesis.”> VEGFR-2 is highly
expressed in hemangioblasts, angioblasts, and
endothelial cells.”> We presumed that the abundance of
VEGFR-2 positivity in ECP group is the result of
in vitro endothelial differentiation of ADSCs which are
the components of ECP implants. Implanted cells were
positive for VEGFR-2 in vitro, which means that the
cells were at various stages of endothelial differentia-
tion at the time of implantation. Weaker VEGFR-2
immunoreactivity in CP implants might indicate that
the combination of biomaterial carrier and PRP is
suitable for the beginning, but insufficient for suc-
cessful and sustainable vascularization.

In the implants, vI¥f expression was the highest at
4-week observation point in both groups, which is in
accordance with its role in late angiogenesis.>* During
our observation, vWF expression increased at 1-week
observation point in ECP implants, but stayed lower
than in CP group and in the calibrator sample at each
observation point. The reason for such expression
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FIGURE 2. Immunocytochemical analysis of ADSCs endothelial differentiation. (a) ADSCs, P03, anti-CD29, magnification 200x,
bar shows 50 um, circled: CD29 positive cells; (b) ADSCs, P03, anti-CD14, magnification 200x, bar shows 50 um, circled: CD14
negative cells; (c) non-induced ADSCs, day 12, magnification 100x, bar shows 100 um, circled: VEGFR-2-negative cells; (d) ADSCs
induced into ECs, day 12, anti-VEGFR-2, magnification 100x, bar shows 100 um, circled: capillary-like structures containing
lumen; (e) ADSCs induced into ECs, day 12, anti-VEGFR-2, magnification 200x, bar shows 50 um, circled: VEGFR-2-positive cells.

pattern might be the fact that vIWF was already ex-
pressed in vitro, and down-regulated at the time of
implantation. Flt-1 levels increased in ECP group at
2-week observation point, and slightly decreased later
during the observation. Flt-1 is expressed in angio-
blasts and ECs during the early embryonic develop-
ment, and later declines.'* Lower relative expression of
flt-1 in CP than in ECP implants could explain the
unsustainability of vascular network in CP group at
8-week observation point. Egr-/ regulates the expres-
sion of various genes, including fi-1."” In ECP im-
plants, egr-1 increased from 2- to 8-week observation
point, while in CP ones egr-/ had the expression peak
at 4-week observation point. Vcam-1 was down-regu-
lated at first two observation points, in both groups.
ECs are constantly exposed to pulsatile blood flow, a
generator of specific mechanical force-wall shear stress,
which changes their morphology and functions in
various ways including down-regulation of veam’,*°
which could explain the results we have obtained at
earlier observation points. At 4-week observation
point, veam-1 was up-regulated in both groups that
might be related to the presence of polymorphonucle-
ars observed histologically at 2-week observation
point. Particularly, VCAM-1 mediates leukocyte
binding to the ECs via interaction with its integrin
counterreceptor-very late activation antigen-4 (VLA-4)
on leucocytes.!!
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Histological analysis of bone matrix deposition
conducted on Masson’s Trichrome stained tissue
sections revealed mostly loose, and regular connective
tissue in places at 2-week observation point in both
type of implants. Thin collagen fibers were seen in
both types of implants at 8-week observation point,
but despite of it collagen fibers adjacent to the BC
particles in CP implants were not well organized as in
ECP type of implants at the same observation point.
Also, higher degree of presence of osteoblast-like cells
was seen in ECP than in CP implants at 8-week
observation point. The explanation for such histo-
logical picture in the implants with ADSCs induced
into ECs might be the fact that ECs release growth
factors such as bone morphogenic protein-2,
endothelin-1, and insulin-like growth factor, with the
influence on the differentiation of osteogenic precur-
sors.’ Osteoblasts release VEGF, which acts on ECs
and promotes angiogenesis.*’ It could be presumed
that the differentiation of precursors in ECP implants
to osteoblasts was regulated by ECs, so we hypothe-
sized that such interaction occurred among those cell
types in ECP group. In addition to that, ECP im-
plants had stronger immunoexpression of bone
specific protein osteocalcin onto biomaterial particles
and between them at both observation points, which
can be associated with the activity of osteoblast-like
cells. Weaker osteocalcin immunoexpression at
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FIGURE 3. Fold changes (log base 2) of selected genes, at third, seventh, twelfth, and fifteenth day (day = d) of induced
endothelial differentiation relative to the calibrator sample. (a) Relative expression of vWF, (b) Relative expression of fli-1,
(c) Relative expression of egr-1, (d) Relative expression of vcam-1. Legend: *Statistical significance (p<0.05) between gene-
expression levels at 3, 7, 12 and 15 days of endothelial differentiation.

2-week observation point than at 8-week observation
point in both types of implants is expected because
osteocalcin is a late marker of bone formation.®!
Unlike osteocalcin, osteopontin is not bone specific,
but it has an important role in bone remodeling
process.'? The regulation of osteopontin gene, spp1, is
reciprocally coordinated by osteoblasts and osteo-
clasts, in a way that sppl expression in osteoblasts is
inhibited at bone formation sites when the expression
in osteoclasts at resorption sites is stimulated.'® It
could be presumed that sppl was up-regulated in the
group of implants enriched with ADSCs induced into
ECs, at each observation point, because osteoblast-
like and multinucleated cells were abundant. Poor
cellularity in CP group might be the reason for down-
regulation of spp-1.

Literature data about the impact of bone mineral
matrix combined with PRP on osteogenic process
indicate mainly on favorable effects. Kim and his co-

workers have shown that bone density in rabbit cranial
defects filled with Bio-Oss® + Plasma Rich in Growth
Factors (PRGF) was higher than in the group with
Bio-Oss® only.?® Also, bone formation in rabbit cra-
nial defects increased in the presence of bone mineral
matrix Bio-Oss® combined with PRP,"? than when
only Bio-Oss® was implanted. On the other side, You
et al. used PRP as an adjunct to Bio-Oss® in treating
bone defects around titanium dental implants in
mongrel dogs and gained significantly lower percent-
age of bone-implant contact in the defects treated with
Bio-Oss® plus PRP than in the defects with PRP
only.?’

CONCLUSION

ADSCs in vitro induced towards ECs in combina-
tion with PRP and bone mineral matrix increased
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FIGURE 4. H&E stained implants and histomorphometry. (a) ECP implants, week 2, magnification 400x, bar shows 20 um;
(b) ECP implants, week 8, magnification 400x, bar shows 20 um; (c) ECP implants, week 8, magnification 200x, bar shows 50 um;
(d) CP implants, week 2, magnification 400x, bar shows 20 yum; (e) CP implants, week 8, magnification 400x, bar shows 20 um;
(f) CP implants, week 8, magnification 200x, bar shows 50 um. Legend: multinuclear cell (thick white arrow), collagen (black
rectangular arrow), osteoblast-like cells (thin black arrow), blood vessels (arrowheads), biomaterial particles (white star), cellu-
larization (circle).

FIGURE 5. Masson’s Trichrome stained implants. (a) ECP implants, week 2, magnification 200x, bar shows 50 yum; (b) ECP
implants, week 8 magnification 200x, bar shows 50 um; (c) ECP implants, week 8, magnification 400x, bar shows 20 um; (d) CP
implants, week 2, magnification 200x, bar shows 50 um; (e) CP implants, week 8, magnification 200x, bar shows 50 um; (f) CP
implants, week 8, magnification 400x, bar shows 20 um Legend: collagen (ellipse), biomaterial particles (black star).
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FIGURE 6. Percentage of vascularization in ECP and CP
implants at 2 and 8 weeks. *Significant differences between
groups, within the same observation point for p<0.05.

vascularization in bioengineered implants subcuta-
neously implanted, which was confirmed by
endothelial-related gene expression, high percentage
of vascularization and VEGFR-2 immunoexpression.
Immunoexpression of osteocalcin, relative expression
of sppl and histological analysis showed that osteo-
genic process was more pronounced when the carrier
was loaded with ADSCs induced into ECs, which can
be associated with the strong vascularization in cel-
lularized implants. In implants without the cells vas-
culogenesis was initially stimulated, but vascular
network was unsustainable at later observation
points. Therefore, the approach that includes ADSCs
in vitro induced into ECs combined with BC and PRP
can be a good strategy for improving vascularization
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FIGURE 7. Immunohistochemical analysis of the implants. (a) ECP implants, week 2, anti-VEGFR-2; (b) ECP implants, week 8,
anti-VEGFR-2, (c) ECP implants, week 2, anti-OC; (d) ECP implants, week 8; (e) CP implants, week 2, anti-VEGFR-2; (f) CP implants,
week 8, anti-VEGFR-2; (g) CP implants, week 2, anti-OC; (h) CP implants, week 8, anti-OC. Magnification is 400 x. Bar shows 20 ym;
Legend: VEGFR-2 immunoexpression (circle), OC immunoexpression (rectangular).
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expression of spp1. Legend: w—week. * Statistical significance (p<0.05) between groups within the same observation point.

in BTE. Also, obtained data about the impact of ECs
in cellularized implants on vascularization and os-
teogenic process represent the main benefit of our
study which can be further integrated with some of
the described strategies for improving vascularization
in BTE.
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